Introduction
The electric discharge lamp is one of the most important plasma devices today. Fluorescent lamps are low pressure discharges, operating at an electron temperature of 1-2 eV and gas temperature of 300-700 K [1] . These lamps are simply constructed light sources consisting of a glass tube coated inside with light emitting phosphor. The core is usually made of ferrite. Inside the tube is a mixture of an inert gas and mercury gas. The mercury atoms are provided by a semi-solid amalgam of mercury. A magnetic field generator is applied to excite the mercury inside the lamp and stimulate the phosphorus coating in the glass tube by it. During the operation, the mercury is energized and produces UV, which activates the phosphor and produces light. Some numerical studies (e.g. [2] [3] [4] [5] [6] [7] [8] [9] [10] ) have been reported in this area.
The electrodeless lamp is powered by magnetic induction. They are available in a range of sizes from 40 to 400 W. Induction lamps are usually very efficient and run very cool. Therefore, the heat transformation is very low. Also, the light intensity and fidelity is maintained over a much longer period of time. Based on the tube and the magnetic field generator, there are various designs of electrodeless lamps. Two main types of magnetic induction lamps are external core and internal core types. Here, we study an electrodeless fluorescent lamp that uses two inductive coupling coils connected in parallel (figure 1). The finite volume model (FVM) is a numerical method for finding solutions to the boundary value problems. This analysis is traditionally a branch of fluid mechanics, but nowadays is a commonly used method for multiphysics problems. In the present study, the FVM is utilized to model the low pressure electrodeless fluorescent lamp. The main purpose of the present work is the study of the capability of the FVM method as a distinguished numerical method on complex plasma behavior in electrodeless lamps. Also, the effects of the argon pressure on the plasma of the lamp are studied. Figure 2 shows an illustration of the model lamp. The model is assumed axially symmetric. A current is applied to the coil and therefore the magnetic field is created in the ferrite core. It should be noted that the resistive losses in the cold plasma lamps are usually small. The energy losses in a ferrite core are not considered in the present study. The free electrons in the tube are accelerated by the magnetic field. This leads to the creation of new electrons because of the ionization. In the steady state condition, there is a balance between creation of new electrons and losses of them in the wall. The excited mercury atoms are also created. Certain excited states will emit a photon at a given wavelength. The geometry of the model is same as the OSRAM/ENDURA 70 W ( [11] ).
Model descriptions
The numerical solver is used as follows. At the first step, the electromagnetic equations (Maxwell's equations) are solved to compute the inductivity coupled electric fields.
where μ is the mobility, ε is the permittivity, E is the electric field, J is the current density and ω is the angular frequency. The current density contains the external current and the current that is generated in the plasma due to the electromagnetic waves. For the plasma current, with s = f f J E , the cold plasma approximation is used:
where q e is the charge, n e is the electron density, m e is the electron mass and v e is the collision frequency.
Also, the electron temperature can be obtained based on the Maxwellian electron energy distribution. The non-slip boundary condition ( = f E 0) is applied to the tube body. The initial value of the electric field is set to 0.39 V m −1 . The second set of equations is used to calculate the species energy, densities and fluxes. The combining of the continuity equation and the drift diffusion theory is used to obtain the mean electron energy and the electron density in the lamp by using drift and diffusion equations:
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where n ε is the electron energy, Γ e is the electron flux and S e is the source of the electrons. The source terms in drift and diffusion equations are specified using rate coefficients. The electron mobility, μ e and the electron diffusivity, D e can be defined as the below equations respectively,
In the above equations v m is the momentum transfer frequency. Also, the energy mobility and diffusivity are
If P is the number of inelastic electron-neutral collisions and M is the number of reactions that change the electron density, the electron source term is given by
Also, the electron energy loss is obtained by
In these equations, x j is the mole fraction of the target species for reaction j, k j is the rate coefficient for reaction j, N n is the total neutral number density and Δε j is the energy loss from reaction j. The cross section data is used to calculate rate coefficients. The collisions and reactions on the tube consist of 11 species, 96 inside reactions and 9 surface reactions. All of them are based on [1] . Also, the trapping factors are selected from [5] . More details can be found in inductivity coupled plasma simulation references such as [12, 13] . Also, more details about the drift diffusion theory in electrodeless lamps can be found in [7, 14] . The reacting flow for species k and reaction j can be obtained by solving the momentum equation for non-electron species r w r w
where j k is the diffusive flux, S k is the is the rate expression and ω k is the mass fraction. Many references such as [15, 16] have details about the solving of the multicomponent The initial values of electron density and the mean electron energy are set to 1×10 17 m −3 and 2 V, respectively. The whole process iterates until the meeting of the convergence criterion. The numerical model is based on the finite volume method. Unstructured mesh is used in the simulation. The second-order central difference scheme is employed to discretized the spectral terms. Also, the AdamBashforth scheme is utilized for the temporal terms. All sets of equations are solved using the successive over relaxation method. The numerical solver is implemented as follows. First, initial values are set. Then, the electric field is determined by solving equation (1) . The fluid chemical kinetics equations with the boundary conditions and also collisions and reactions equations are solved iteratively to find the main plasma parameters at each step. The process is repeated successively until the simulation is complete.
Model validation
We consider the electrodeless lamp with an internal coil previously investigated by Rajaraman [1] and Rajaraman and Kushner [5] for the validation of the present model. The lamp power is 55 W, the mercury pressure is 5 mTorr and the argon gas pressures and temperatures are same as the external coil model. The diameter and the height of the lamp are 90 mm and 80 mm, respectively. The contours of the main plasma parameters are in good agreement with those in [5] . Table 1 shows the comparison of the maximum values of some of the parameters. It can be seen that the present model is generally in good agreement with [5] . The densities of the mercury are less than Rajaraman and Kushner investigation. It may be because of the Maxwellian energy distribution assumption.
Results and discussion
The simulation results and the parameter studies are presented in this section. Tables 2 and 3 show the main geometry and thermodynamics parameters of the simulation. The simulation time is less than 10 h on a workstation with two 3.40 GHz CPU and 3 GB RAM. Figure 3 depicts the contour of the electron density. As is expected in inductively coupled plasma, the value of the density is high in the lamp tube. The electron density peak is about 5 × 10 17 m −3 , which is in the range of the former studies of the electrodeless lamp (e.g. [4] ).
The electron temperature depicts almost the same pattern (figure 4). The peak electron temperature is less than 0.8 eV.
This value is less than the Boltzmann's equation result in the low plasma potential (figure 5). The power deposition in this case is dominantly collisional. It should be noted that the skin depth is more than the mean free path and also the electron collisional frequency is much larger than the rf frequency.
The mercury in the plasma tube is excited and therefore the mole fraction of the ground state mercury is discharged at the central section of the tube and converted to excited states. The excited mercury atoms diffuse in the wall and because of recombining the ions then go back to the ground state ( figure 6) . Therefore, the density of the Hg (6 1 S 0 ) is maximized near the wall. The visible light is created by excitation of the phosphors with the resonance radiation from Hg (6 3 P 1 ) (254 nm) and Hg (6 1 P 1 ) (185 nm). The main factor of production of Hg (6 3 P 1 ) is electrons impacting from the ground state. The untrapped lifetime of the Hg (6 3 P 1 ) is larger than the Hg (6 1 P 1 ). Therefore, distributing by diffusion of the Hg (6 1 P 1 ) density from its peak has a smaller size of the Hg (6 3 P 1 ) density; however both of the distribution patterns are the same [1] . Other studies in this area (e.g. [5] ) show similar results. It should be noted that based on the above study a trapping factor of 10 is used for the Hg (6 3 P 1 ) and a trapping factor of 1000 is used for the spontaneous decay back to ground state mercury. Figures 7 and 8 depict the mole fraction of Hg (6 3 P 1 ) and Hg (6 1 P 1 ).
Influence of argon pressure
It is well established that mole fractions of the main mercury excited ions, as a key factor in the efficiency of the lamp, are dependent on the value of the gas pressure. Since the argon is the buffer gas, the collision between electron and argon atom plays only a minor role in the production of electrons, but it can affect the mobility of ions and electrons. The argon pressure of the base model is changed from 100 to 900 mTorr. All parameters are read at the center of the vertical section of the tube. Figures 9-11 show the dependence of the argon pressure to the electron density, the Hg (6 3 P 1 ) population and the temperature, respectively. Figure 9 shows that the electron density in the tube decreases until the 300 mTorr and after that increases in the low pressure range. Argon pressure affects the diffusion and drift of electrons and thus has an influence on the loss of electrons. It should be noted that despite the fact that the number density of ground state argon is much higher than mercury, the density of mercury ions is several hundred times greater than the density of argon ions. This is because the ionization energy for mercury is only 10.44 eV compared to 15.7 eV for argon. On the other hand, the populations of the Hg (6 3 P 1 ) and other excited states of mercury depend on the energy of the plasma in the tube. Former studies in this area show that the diffusion coefficient decreases sharply (until 700 mTorr) and after that the decrease is more slight. Higher electron pressure obstructs the electrons to diffuse to the wall and therefore the temperature should be decreased to keep the ionization balance. Also, the energy losses by elastic collision increase almost linearly with increasing the argon pressure.
The elastic collision and diffusion affect the electron density and temperature together. At about 300 mTorr most of the electrons with higher energy excite the mercury atoms and therefore the populations of the excited states of mercury are increased. After that the temperature of the electrons decreases because of the above-mentioned reasons, the excited state populations are also decreased. This phenomenon can be clearly observed from figures 10 and 11. The present study shows that in this model, the optimum pressure of the argon is about 300 mTorr (about 40 Pa), which leads to the maximum population of the Hg (6 3 P 1 ). Yang et al [7] studied the effect of the argon pressure in the electrodeless lamp with an internal coil. They found that the optimum pressure is between 26.6 Pa and 53.3 Pa; the present study is in good agreement with their study results.
Conclusions
A FVM has been utilized to simulate the plasma model in the electrodeless lamp with external coil. The Maxwellian electron energy distribution was assumed. All reactions and trapping factors were obtained from the well-known published studies in this area. The geometry of the model was the same as the OSRAM/ENDURA lamp. The contour plots of the main parameters of the lamp such as the electron density, temperature and the mole fractions of the Hg (6 1 P 1 ) and Hg (6 3 P 1 ) were depicted and discussed. The results are consistent with the general understanding in this area. Meanwhile, the effect of the argon gas pressure on the other main parameters was studied. The outcome showed that the optimized pressure is about 40 Pa and this was in good agreement with former studies. The general consequences have demonstrated that the finite volume technique is a good method to simulate the plasma behavior in the electrodeless lamp. Also, it can be utilized to study the main parameters in designing the lamp. Furthermore, the maximum populations of the main excited ions of mercury are about 300 mTorr.
